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Supporting text. Description of the Onchocerciasis Disease Model

This supporting text describes in full detail the onchocerciasis disease model which was
developed by coupling output from our onchocerciasis transmission (EpiOncho) model—
namely the mean number of microfilariae per mg of skin, the derived prevalence of
microfilariae, and the derived prevalence of adult female worms—to the incidence and
prevalence of onchocercal morbidity and mortality using statistically documented
associations between infection and disease previously published. Details are also given on
how disability adjusted life years (DALYS) were calculated using output from the disease
model. Definitions and, where appropriate, values of parameters introduced in the text are
given in Supporting Table S1 for the onchocerciasis disease model and Supporting Table S2

for the calculation of DALYS.
S1. Onchocerciasis Disease Model

S.1.1. Microfilarial Prevalence

The prevalence of skin microfilariae (prevalence of microfilaridermia), ﬂgd (t,a), attimet,

in hosts of age, a; sex, s, and treatment compliance group, d, was calculated as a function of

microfilarial load per milligram (mf/mg) of skin, M , (t,a) , determined by the

onchocerciasis transmission model,

—ky [Msyd (t,a)}

M4t a) | (5.1)

Ml (ta)=1-|1+
. ku [ M (t.2) ]

where k, [M,(t,a)] is given by,
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K, MS’d (t,a)

Ky [M, 4 (t.2)]= (S.2)

1+k M, (t,a) '

Equation (S.1) is derived as 1 minus the probability of having zero microfilariae, assuming a
negative binomial distribution of microfilariae among hosts with mean Ms,d (t,a) and
overdispersion parameterkM[Msyd (t,a)]. The parameters k, and k, of Equation (S.2) were

estimated by fitting Equation (S.1) by maximum likelihood to paired microfilarial prevalence
and intensity data from 25 villages in northern Cameroon [1] (Figure S.1, Table S.1). This
relationship, previously described in [2], was refitted assuming an average (arithmetic mean)
skin snip sample weight of 1.7 mg as opposed to the 2.84 mg used previously and based on
[3]. This lower weight was estimated using the mean skin snip weight from samples collected

by Collins et al. [4], and is in agreement with other studies [5].
S.1.2 Human population

To calculate the stratum-specific population size, P, 4 (a), the total population size, P, was
multiplied by the proportion of individuals of sex s, q.; age a, p(a); and compliance group

d, 74,
P (@) =0am,p(a)P . (S.3)

The age and sex distributions of the population, modelled by the function p(a) and the
parameter ¢, respectively, were estimated from demographic data on individuals living in the

Vina Valley region of northern Cameroon [6]. The population structure and size were
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assumed to be stationary; the latter set to an arbitrary constant large enough to ensure

accuracy of numerical integration.

100 -

90

80

70

60

50

40

Microfilarial Prevalence (%)

30

20

10

0 I T T T T T T 1
0 30 60 90 120 150 180 210

Mean no. mf mg-1 per person

Figure S1. Observed and fitted mcrofilarial prevalence as a function of mean
microfilarial load. The data are from 25 north Cameroonian villages studied by Boussinesq
(1991) and presented in Basafiez & Boussinesq (1999) [1, 2]. It was assumed that skin snip
samples weighed on average 1.7 milligrams [4] (as opposed to the 2.84mg quoted in [3]). Red
markers correspond to the age- and sex-adjusted microfilarial prevalence in the communities
[2]. The blue line is the function given in equation (S.1) with maximum likelihood estimates
ko =0.013 (95% CL 0.011-0.015) and k; = 0.025 (95% CL 0.019- 0.033) (Table S1).
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S.1.3. Blindness

The incidence of blindness due to onchocerciasis, denoted Vs g (ta), IS given by the incidence

of blindness not due to onchocerciasis, V.';,d (t,a) (i.e. the background incidence of blindness),

.. . T
subtracted from the total incidence of blindness, Vg 4 (t. &),

Ve q(ta) =V, (t,a)—V, 4(t,a). (S4)

The background incidence of blindness is given by the per capita background rate at which

individuals of sex s and age a become blind [7], yo,(a) , multiplied by the total number of
individuals who are not blind. The latter is given by subtracting the total number of blindness

cases in each stratum, B ; (t,a) , from the stratum population size, F; 4 (a),

Vig(t.a)=yo @) Pg(a)-Bl,(ta) |- (S.5)

The total incidence of blindness in the population of sex s and compliance group d is
calculated from the background incidence of blindness (Equation (S.5)) multiplied by the

relative risk of blindness associated with a mean number of microfilariae per skin snip,

rq(ta),
vigt,a)=v., (tar,(ta). (S.6)

Substituting v¢ 4 (t,a) (Equation (S.5)) and VsT,d (t,a) (Equation (S.6)) into Equation (S.4)

yields the desired expression for the incidence of blindness due to onchocerciasis,

Vea(t.a)=o,@)] 1,4(t.a)-1][ Py (@) - B4 (t.a) | (S.7)
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The relative risk term on the right hand side (RHS) of Equation (S.7) was calculated using a
log-linear model previously fitted to data on the incidence of blindness throughout the entire

duration of the Onchocerciasis Control Programme in West Africa (OCP) [7],

I, o (t.a) =exp| 1, M{,(t-2.a) |7l (t-2.a). (S.8)

Here Mg 4 (t-2,a) denotes mean microfilarial load per skin snip (as opposed to per mg of

skin, see below) lagged by two years, reflecting that loss of visual acuity is associated with
past microfilarial load, with the best lag estimated as 2 years [7]. The term y, on the RHS of
Equation (S.8) is the regression coefficient for the relative risk of blindness associated with a
microfilarial load, as estimated in [7] (Table S.1). The microfilarial load per skin snip was
derived by multiplying the microfilarial load per mg of skin (obtained from the transmission
model) by the mean weight in milligrams of a skin snip sample taken from the iliac crest
using a Holth-type corneoscleral punch. This mean was estimated as 1.7 mg (S.E. = 0.012)
from data presented by Collins et al. [4]. This conversion was necessary because the OCP did

not weigh the skin snips and consequently Equation S.8 was parameterized using data on mf

per skin snip rather than per mg. The prevalence term, ﬁs“f'd (t—2,a),in Equation (S.8) ensures

that the relative risk of blindness due to onchocerciasis applies only to those who are infected.

The total number of people blind—the BST,d (t,a) term on the RHS of Equation (S.7) —was

calculated by means of a partial differential equation comprising two (host age- and sex-

dependent) rates: the total incidence of new blindness cases, v, (t,a) (Equation (S.6)), minus

the loss due to mortality of already blinded individuals, with per capita rate as the product of

the background mortality rate £(a) and the excess risk of mortality associated with blindness

E°[8],
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oB; ,(t,a) B (t,a) . . ]
s )+ a ):Vs’d (t,a)— B, (t,a)¢(a)E". (S.9)
ot oa

The expression for the background mortality rate, &(a), is given in section 1.6 Excess

Mortality. The number of blindness cases due to onchocerciasis, led (t,a) (as opposed to the
total number of blindness cases) was calculated in a similar fashion but using v , (t,a); the
incidence of blindness due to onchocerciasis (Equation (S.7)),

0B, 4(t,a) 0B, (t,a)
! LS
ot oa

=V, 4 (t,2) - By 4 (t,0)é(a)E". (5.10)
The relative risk of blindness due to onchocerciasis, r, , (t,a) (Equation (S.8)) was determined
by analysing data where blindness was defined as a visual acuity of less than 3/60 based on
tests for central vision [7]. It does not include individuals with visual acuity equal to or better
than 3/60 but who have a restriction of visual field to less than 10° of fixation. Such
individuals would have been classified as blind if peripheral visual field assessment had been
conducted. It has been estimated that this approach misses 25% of functional blindness cases
[9, 10]. To account for this, the number of age- and sex-dependent blindness cases due to
onchocerciasis per stratum (given by the solution of Equation (S.10)) was multiplied by 4/3
[9, 11]. The total number of blindness cases due to onchocerciasis was calculated by

integrating over host age and summing over sex and treatment compliance strata,

B(t) :%ZZIBW (t,a) da. (S.11)
s d g

The prevalence of onchocercal blindness, 78 (t), is calculated by dividing the total number

of blindness cases by the population size, P,
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7o (t) = ?. (S.12)

S.1.4 Visual Impairment

The number of visual impairment cases, Vv , (t, a), was calculated using a ratio of 1.78 cases

of visual impairment for every case of blindness (when blindness is defined as a visual acuity
of less than 3/60 alone) [9]. This ratio was estimated from data collected in hyperendemic
onchocerciasis foci (without adjusting for the functionally blind cases as described above),

but it was assumed to hold for lower endemicity foci [9]. Hence,

V, 4 (t,2) =1.78xB_, (t.3). (S.13)

The prevalence of onchocercal visual impairment, 7zz¥ (t), is then given by,

v V(t)
7 () =—2, (S.14)
P
where,
vin=>>" j V, 4(t,a)da. (S.15)
s d 3

1.4.1 The Therapeutic Effect of lvermectin on Visual Loss

It was assumed that both blindness and visual impairment are irreversible conditions which
do not respond to ivermectin treatment. This is supported by a Cochrane review of placebo-
controlled trials that found no statistically significant effect of ivermectin on prevalent vision

loss [12].
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S.1.5 Troublesome ltch

Following [11, 13] the baseline prevalence of troublesome itch, 7' (t), is defined as the

prevalence of troublesome itch in the absence of ivermectin treatment. This is calculated

using a previously published association between troublesome itch and the prevalence of

adult female worms, 7, (t) [11, 13],

7140 = 2% (0 + 2, {L-exp (2,0 [}tz o0, (5.16)

where ¢, and &, are regression coefficients estimated in [11, 13] (Table S.1). The prevalence
of adult female worms ﬂ;“fd (t) was calculated assuming that worms are distributed among
hosts according to a negative binomial distribution with mean W, (t,a) and overdispersion

parameter K, ,

ey
7 (1) =1{1+ V%} , (S.17)

where k,, =0.35as estimated in [14]. The prevalence of troublesome itch was related to
female adult worms because the association between the presence of microfilariae and
troublesome itch does not hold during ivermectin treatment; the reduction in prevalence of
itch is smaller and more delayed than the drop in microfilarial prevalence and load [11, 13,
15]. Due to fact that the EpiOncho model-derived prevalence of female worms for a given
endemicity level resulted in a higher than expected prevalence of onchocercal itch (Figure

S2a), it was necessary to add an adjustment factor (e[, (t)] With expression

1+1.8exp {— [ﬁgd (t) —71.5]0.3} as in Table S1) to equation S.16 (Figure S2b).
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Figure S2. Comparison of onchocercal itching prevalence vs. nodule prevalence without
(a) and with (b) the adjustment «z,. The red line denotes the expected onchocercal itching
prevalence (based on a regression between nodule and itching prevalence presented in [11]),
and the blue line denotes EpiOncho model-projected prevalence of onchocercal itch. The
adjustment &, in eqn. (S.16) was parameterised by minimising the sum of squares between the

expected (red line) and the model-projected (blue line) onchocercal itching prevalence.
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The number of baseline troublesome itch cases per stratum, T., (), is the product of the

baseline prevalence of troublesome itch, the proportion of individuals of each sex, g,

compliance group, 7,4, and the population size P,
T,4 () = 70 (00,7P. (S.18)

The total number of baseline troublesome itch cases is then given by summing over the sex

and compliance strata,
T'0)=22T4). (S.19)
s d

S.1.5.1 Therapeutic Effect of lvermectin on Troublesome Itch

The number of baseline cases of troublesome itch is multiplied by a factor 1—7(t) to yield

the total number of troublesome itch cases, T (t),
T =T'®[1-7,®)], (S.20)

and the prevalence of troublesome itch is given by,

7' (t)=—2. (S.21)

Parameter 7,(t) captures the observed therapeutic effect of ivermectin in reducing the average

year-round baseline prevalence of troublesome itch by 47% in individuals treated annually
and by 52% in those treated biannually, an effect which was assumed to develop gradually
during the first six months of the first treatment round [15] and which was consistent with the
results of a multicentre study conducted by the African Programme for Onchocerciasis

Control (APOC) [16]. These reductions are not assumed to act cumulatively with each

10



Turner HC, Walker M, Churcher TS, Basafiez MG. Modelling the Impact of Ivermectin on River
Blindness and its Burden of Morbidity and Mortality in African Savannah: EpiOncho Projections

treatment round but rather over the timespan of ivermectin distribution. It was further
assumed that individuals treated every other year experience a 10% reduction in troublesome
itch in the year they are not treated, due to the residual effects of ivermectin on cutaneous
pathologies. This was estimated by the difference between the reduction of itch prevalence at
12 and 15 months after a single treatment and assumes the rate of recovery is constant from
15 months onwards [15]. Long-term reductions in the prevalence of troublesome itch are not
just caused by the therapeutic activity of ivermectin but rather by its community-level
suppression of transmission which leads to a gradual decrease in the prevalence of adult

female worms.
S.1.6 Excess Mortality

The excess mortality due to onchocerciasis is assumed to occur via two processes; an
additional risk of mortality among individuals suffering from onchocerciasis-related vision
loss [8, 17], and an additional risk of mortality (independent of the former) among infected
individuals with high microfilarial loads [18, 19]. To calculate the incidence of (excess)
mortality associated with onchocerciasis these additional risks were multiplied by the age-

specific background mortality (hazard) rate, £(a),

£(a) 9 [(a)]
a)=-— niela)l,
" (S.22)

where ¢(a) is the survivorship function,

exp (-o,a) for @ < 5Syears,
¢(a) = (S.23)

o, + co3a2 +o,a for a > Syears.

11
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The regression coefficients w, , w, , w; and w, were estimated by fitting =(a) to the same
data that were used to parameterise the host survivorship function in ONCHOSIM [20]
(Figure S.3). This makes our estimates of the excess mortality due to onchocerciasis

comparable with other modelling studies.

Probability of Survival

0.0 T T T T . 1
0 20 40 60 80 100
Age

Figure S3. Human host survivorship function. The blue line represents the fitted model
(Equation (S.23)) and the red squares the host survivorship data (proportion of hosts
surviving to a particular age) presented in [20]. The model was fitted using non-linear least
squares regression yielding parameter estimates ®1 = 0.04, ®, = 0.81, w3 = -7.7x10™ and
w4 = 2.1x10°% (Table S.1).
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S.1.6.1 Excess Mortality Associated with Vision Loss

It was assumed that the relative risk of mortality among blind individuals, E®, and among
those with visual impairment, E¥, were, respectively, 2.5 and 1.5 according to [8]. The

incidence of excess mortality associated with blindness, D2, (t,a) and visual impairment,

DY, (t,a) are given by,

D, (t,a) = B, , (t,a)(a) (E° ~1), (S.24)
and
D, (t,a)=V, ,(t.a)é@(E" -1). (S.25)

By analogy with the derivation of the incidence of blindness due to onchocerciasis given by
Equations (S.4) to (S.7), the minus 1 term on the RHS of Equation (S.25) and Equation (S.26)
adjusts the relative risks to give the incidence of mortality due to onchocerciasis, as opposed

to the total incidence of mortality.
S.1.6.2 Excess Mortality Associated with Microfilarial Load

A density-dependent association has been quantified between excess human mortality and

microfilarial load [18, 19]. This was incorporated into the model using a published non-
linear, host age-dependent association between the relative risk of mortality, Es“f'd (t,a), in

those infected (but without vision loss) and their past (lagged by two years) microfilarial load

per skin snip denoted as M é,d , @s opposed to Ms’d for mf/mg, see also Equation (S.8),

13
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E',(ta)=exp{ f[M] (t-2a)]a"} 2l (t-2.2). (S.26)
Here f[ M/, (t-2.a)] describes a sigmoid functional form,

BM (t-2,a)"
1+ M. (t-2,8)"

f[Ml t-2a)]= (S.27)

where g, 8,, g;and g, are regression parameters as estimated in [19] (Table S.1). The

prevalence term in Equation (S.26), ﬂs“f'd (t —2,a), ensures that the relative risk of excess

mortality associated with high microfilarial load only applies to those infected and not to the

whole population.
The incidence of excess mortality associated with the mean number of microfilariae per skin
snip, DM, (t, a), is given by

D!, t.a)={P, ()~ [B,, (t.a)+V,, (t.a) |} &@)| ELY, t.a)-1]. (S.28)

The term P (a)—| B, ,(t,a)+V. ,(t,a) | on the RHS of Equation (S.28) ensures that the
s,d s,d s,d

incidence of excess mortality does not apply to prevalent cases of blindness or visual
impairment; such individuals suffer a separate excess risk of mortality as described by

Equation (S.24) and Equation (S.25).
S.1.6.3 Total Incidence of Excess Mortality

The total incidence of excess mortality aassociated with onchocerciasis—either via blindness
(Equation (S.24)), visual impairment (Equation (S.25)) or via the direct association with

microfilarial load (Equation (S.28))—is the sum of the component incidence rates,

14



Turner HC, Walker M, Churcher TS, Basafiez MG. Modelling the Impact of Ivermectin on River
Blindness and its Burden of Morbidity and Mortality in African Savannah: EpiOncho Projections

D, , (t,a)=D;, (t.a)+ D, (t.a)+ D', (t,a) . (S.29)

S2. Disability Adjusted Life Years

Disability-adjusted life years (DALYS) are a time-based measure of disease burden
accounting for healthy years of life lived with disability (YLDs) and years of life lost (YLLS)

due to premature mortality [21].

The YLDs were calculated by multiplying the number of cases of blindness, visual

impairment and troublesome itch by their respective disability weights h®.h' h' (provided by

the Global Burden of Disease (2004) study [22]),

YLDs(t)= Bt)h® +V ()h" +T(t)h' (S.30)

The equivalent disability weights from the Global Burden of Disease (2010) study [23] were
not used, because (other than blindness) they are stratified by severity levels. For example,
the skin disease disability weights were stratified into three “disfigurement levels”, and visual
impairment into “mild”, “moderate”, and “severe”. Without more detailed definitions, it was

not possible to relate such levels to the modelled disease sequelae.

The YLLs were calculated using the ‘period expected years of life lost” method [24], where

the duration of life lost is the local future life-expectancy of individuals at each age, Z(a).

minus there current age, multiplied by the incidence of mortality, D, (t,a),

YLLs(t)= ZZI[E(a)—a] D, 4 (t,a)da - (S.31)
s d a

15
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The age-specific future life-expectancy is derived directly from the host survivorship

function, £(a),

Ha)=t= (5:32)

The YLLs were discounted at a rate of 3% per year in line with WHO guidelines [24].

The total DALY burden is the sum of YLDs and the YLLs,

DALYS(t) = YLDs(t) + YLLs(t) . (S.33)

In line with the methodology outlined in the Disease Control Priorities Project: Priorities in
Health report [25], we did not apply any age weighting (whereby healthy life lived at younger

and older ages is given a lower weight than that at productive adult ages) to the DALY's

es timates [25]. Definitions and values of parameters are given in Supporting Table S2.

16
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Figure S4. Sensitivity of the impact of annual ivermectin distribution on troublesome
itch. Error bars denote varying the association between prevalence of adult female worms

and troublesome itch described in eqn. (S.16) by varying regression coefficienta, by plus or
minus 25%. Panels (a), (b) and (c) correspond to, respectively, a baseline endemicity of 40%,
60% and 80% microfilarial prevalence. Results shown assume a therapeutic coverage of 80%,

0.1% of systematic non-compliance, perennial transmission, and a 7% cumulative reduction
in microfilarial production by female adult worms per ivermectin dose.
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Figure S5. Impact of annual ivermectin distribution on the DALY burden associated
with onchocerciasis in savannah areas of Africa. Red, blue and green lines correspond to,
respectively, a baseline endemicity of 80%, 60% and 40% microfilarial prevalence. The
commencement of the intervention at year 1 is represented by the vertical dashed line.
Results shown assume a therapeutic coverage of 80%, 0.1% of systematic non-compliance,
perennial transmission, and a 7% cumulative reduction in microfilarial production by female
adult worms per ivermectin dose.
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Figure S6. Impact of annual ivermectin distribution on: (a) microfilarial intensity and
(b) microfilarial prevalence when assuming a stronger anti-macrofilarial action. The
red, blue and green lines correspond, respectively, to a baseline endemicity of 80%, 60% and
40% microfilarial prevalence. Microfilarial intensity is quantified as the mean microfilarial
load per mg of skin in those aged > 20 years. The dashed horizontal lines illustrate the upper
and lower bounds (5% and 1% prevalence) of the current operational thresholds for cessation
of treatment, namely an observed a microfilarial prevalence below 5% in all surveyed
villages and 1% in 90% of the surveyed village) [26]. Results shown assume a therapeutic
coverage of 80%, 0.1% of systematic non-compliance, perennial transmission, and a 30%
cumulative reduction in microfilarial production by female adult worms per ivermectin dose.
The inset in Figure S4(a) zooms in microfilarial infection intensity (in the >20 yr of age) for
the last four years of the simulated intervention programme.
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